Abstract Stem cells with high proliferation, selfrenewal and differentiation capacities are promising for tissue engineering approaches. Among stem cells, human tooth germ stem cells (hTGSCs) having mesenchymal stem cell characteristics are highly proliferative and able to differentiate into several cell lineages. Researchers have recently focused on transplanting stem cells with bioconductive and/or bioinductive materials that can provide cell commitment to the desired cell lineages. In the present study, effects of pluronic block copolymers (F68, F127 and P85) on in vitro myo-and neurogenic differentiation of human tooth germ stem cells (hTGSCs) were investigated. As P85 was found to exert considerable toxicity to hTGSCs even at low concentrations, it was not evaluated for further differentiation experiments. Immunocytochemical analysis, gene and protein expression studies revealed that while F68 treatment increased lineage-specific gene expression in both myo-and neuro-genically differentiated cells, F127 did not result in any remarkable difference compared to cells treated with differentiation medium. Subsequent studies are required to explore the exact mechanisms of how F68 increases the myogenic and neurogenic differentiation of hTGSCs. The present work indicates that pluronic F68 might be used in functional skeletal and neural tissue engineering applications.
Introduction
Stem cells with their extensive self-renewal and differentiation potential could be used for cellular replacement therapy of various disorders including bone dehiscence, cerebral or cardiac ischemia and type 1 diabetes (Dogan et al. 2012; Watt and Huck 2013) . Stem cells derived from embryonic sources or adult tissues which can be reprogrammed to pluripotent state have created new opportunities for personalized regenerative therapies. While major progress in this field has been achieved, ethical and technical problems still remain and force scientists to use alternative, safe and available cell types (Dogan et al. 2012) . Hence, mesenchymal stem cells (MSCs) obtained from almost all postnatal organs such as bone marrow, adipose tissue, synovial membrane, skin and dental pulp are of great interest (da Silva Meirelles et al. 2006) . Among them, human tooth germ stem cells (hTGSCs) isolated from tooth germs of young adults have been shown to exert remarkable mesenchymal characteristics and differentiate into cell lineages originated from three germ layers (Ikeda et al. 2008 ). Multipotency and highly proliferative properties of these stem cells may be explained by quiescent and undifferentiated state of tooth germs until the age of six (Kerkis et al. 2007) . Previous studies have shown that hTGSCs are able to differentiate into osteo-, chondro-, adipo-and neurogenic cell types in in vitro culture conditions (Dogan et al. 2012; Yalvac et al. 2009 ). Although using appropriate cell source is the basic principle of cellular therapy, involvement of biocompatible structural components is also required to provide tissue integrity (Soleimani et al. 2010) . Differentiation fate of stem cells is not only regulated by intrinsic factors but also maintained by extrinsic mechanisms including growth factors, cell-cell interactions and extracellular matrix (ECM) (Watt and Huck 2013) . Direct placement of stem cells to the traumatic injured tissue lacking ECM results in inflammatory response and anoikis (Zurita et al. 2010) . In this line, stem cells should be applied together with natural or synthetic scaffold systems and inductive materials that are able to support cell proliferation, growth and differentiation. Such engineered scaffolds should provide a three-dimensional structure for transplanted cells and manipulate cell differentiation toward specific cell lineage.
Pluronics, also known as poloxamers, are biocompatible synthetic polymers that are generally used in tissue engineering studies (Huang et al. 2006; Vashi et al. 2008) . Pluronics are composed of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) units in the form of PEO X -PPO Y -PEO X providing amphiphilic properties and stable interactions with biological membranes (Dogan et al. 2012) . They can be applied as injectable hydrogel systems to rebuild three-dimensional (3-D) structures for stem cells used in tissue replacement therapies (Park et al. 2009 ). Each type of poloxamers varies depending on structural characteristics (number of subunits) (Kabanov et al. 2002) . Pluronic F68 (PEO 76 PPO 29 PEO 76 ) interacts with cellular membranes and prevents mechanical stress caused by agitation (Clincke et al. 2011) . F68 was shown to exert neuroprotective role against neurotoxic molecules by protecting membrane integrity (Mina et al. 2009 ). F68 has also been used as a cryoprotectant agent during cryopreservation of hTGSCs (Dogan et al. 2013) . Pluronic P85 (PEO 26-PPO 40 PEO 26 ) has been used in previous studies as blockers for various transporters. P85 could be combined with drugs and enhance drug uptake and cellular accumulation (Batrakova et al. 2010 ). Pluronic F127 (PEO 100 PPO 65 PEO 100 ) could be used for drug transport because of its ability to form micelles. Moreover, it has been shown that F127 interacts with cell surfaces and increases cell differentiation (Erukova et al. 2000; Vashi et al. 2008) . F127 hydrogel scaffold has been shown to promote adipogenic differentiation of bone marrow derived stem cells (BMSCs) (Vashi et al. 2008; Wu et al. 2011) . TGF-b1 conjugated biodegradable F127 hydrogel has been used for rabbit knee articular cartilage regeneration (Jung et al. 2010) . Similarly, effective bone repair has been achieved by application of F127 combined with hydroxyapatite and biphasic calcium phosphate (Zhou et al. 2007 ). Besides, pluronic F68 and F127 has been used for the differentiation of hTGSCs into osteo-, chondro-, adipo-and odontogenic cell types in previous studies (Dogan et al. 2012; Tasli et al. 2013c ).
In the current investigation, three different pluronics (P85, F68 and F127) were used to enhance neurogenic and myogenic differentiation potential of mesenchymal stem cells. The study is the first attempt to investigate the effects of pluronic block copolymers on neurogenic and myogenic differentiation capacities of hTGSCs.
Methods

Isolation and characterization of hTGSCs
Isolation and characterization of hTGSCs were performed as described previously (Dogan et al. 2012; Tasli et al. 2013a, c) . Human tooth germ tissues were collected from the 3rd molar tooth germs of healthy young adults between 13-15 years of age. The collected tissues were harvested, minced and plated in six well plates (JET BIOFIL, Guangzhou, China). Cells were grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 % (v/v) fetal bovine serum (FBS) and 1 % (v/v) PSA (10,000 units/ ml penicillin, 10,000 lg/ml streptomycin, 25 lg/ml amphotericin B) (Invitrogen, Gibco, Paisley, UK).
After having reached sufficient confluence (80 %), cells were trypsinized using 0.25 % (v/v) trypsin/ EDTA (Invitrogen, Gibco, UK) and seeded on a T-75 flask (TPP, Trasadingen, Switzerland). The cells were maintained at 37°C and 5 % CO 2 in a humidified incubator.
Isolated hTGSCs (passage 3) were characterized for their mesenchymal cell surface profile and differentiated into osteo-, chondro and adipogenic cell lineages as described previously (Dogan et al. 2012) . Cells were trypsinized and incubated with the following phycoerythrin (PE) conjugated antibodies against CD29, CD34, CD45, CD90, CD105, CD133, CD166 and CD73 (Abcam, Cambridge, UK). Cells were washed with PBS to remove the excess primary antibodies. The flow cytometry analysis of the cells was conducted using Becton-Dickinson FACS Calibur flow cytometry system (Becton-Dickinson, San Jose, CA, USA). For differentiation experiments, cells were seeded into 24-well plates (1 9 10 4 cells/well) and incubated with osteo-, chondro-and adipogenic differentiation media for 10 days to visualize mesenchymal stem cell properties. Differentiation media were prepared using DMEM low glucose medium (Invitrogen, GIBCO) and changed every other day. The contents of differentiation media are shown in Table 1 .
Viable cell assay
The stock solutions of F68, F127, and P85 block copolymers were prepared in PBS at a concentration of 10 % (w/v). Working solutions for each polymer were prepared at concentrations of 0.01, 0.02, 0.05, and 0.1 % (w/v) in DMEM. hTGSCs were seeded at a concentration of 5 9 10 3 cells/well onto 96-well plates (JET BIOFIL). The following day, cells were treated with different concentrations of F68, F127, P85 and 20 % (v/v) DMSO was used as lethal dose (positive control). Viable cells were measured by the MTS assay (CellTiter96 Aqueous One Solution, Promega, Southampton, UK) according to the manufacturer's instructions. After incubating the cells in the presence of pluronics for 24, 48 and 72 h, 10 ll MTS reagent was added to the growth medium followed by further incubation for 2 h. Thereafter, the absorbance at 490 nm was measured by an ELISA plate reader (BioTek Instruments, Inc., Winooski, VT, USA).
Differentiation procedure hTGSCs were induced to differentiate into myogenicand neurogenic-like cells in the presence of pluronics. The cells were seeded on a six well plate for RNA isolation and 48 well plate (BIOFIL, TCP, Switzerland) for immunocytochemistry analysis at a density of 5 9 10 4 and 1 9 10 4 cells/well, respectively, for each type of differentiation. Cells were incubated with defined differentiation media containing P85, F68 and F127 and pluronics were added to the cell culture for each medium renewal. For myogenic differentiation, cells were seeded on six well plates followed by the addition of myogenic differentiation medium including 5 % (v/v) horse serum, 0.1 lM dexamethasone and 50 lM hydrocortisone (Sigma, St. Louis, MO, USA) in DMEM 10 % (v/v) FBS and 1 % (v/v) PSA. Myogenic differentiation medium was replaced twice a week for 21 days as described before with slight modifications (Gang et al. 2004 ). For neurogenic differentiation, hTGSCs were incubated with DMEM supplemented with 10 % (v/v) FBS and 1 % (v/v) PSA containing 200 lM butylated hydroxyanisole (Sigma), 5 mM KCl, 2 lM valproic acid (Sigma), 10 ng/ml Neurogenic Growth Factor (NGF, Sigma) and 5 lM insulin. Neurogenic differentiation medium was replaced twice a week for 14 days (Tatard et al. 2007 ). Samples were collected for immunocytochemistry, RT-PCR and Western blot analysis at the end of differentiation procedures (21 days for myogenic differentiation and 14 days for neurogenic differentiation).
Immunostaining
Immunocytochemistry analysis was completed according to the previously described protocol (Tasli et al. 2013b) . Cells were fixed with 2 % (w/v) paraformaldehyde at 4°C for 30 min and permeabilized with 0.1 % (v/v) Triton X-100 prepared in PBS at ambient temperature for 5 min. 
Western blotting
Protein expression analysis were performed according to a previously described protocol (Xu et al. 2009 Images were taken by using a luminometer system (ChemicDoc XRS, Biorad, Hercules, CA,USA). Average band intensities of three separate experiments were calculated using ImageJ software and normalized with respective b-actin band intensities.
Quantitative real time PCR
Total RNA was isolated by using High Pure RNA Isolation Kit (Roche, Mannheim, Germany) and cDNA synthesis was performed by using High Fidelity cDNA Synthesis Kit (Roche) according to the manufacturer's instructions. Quantitative real time PCR (RT-PCR) was performed using Maxima SYBR Green/ROX (Fermentas, Hanover, MD, USA) for the determination of gene expression levels. Primer sequences for marker genes are shown in Table 2 . Glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH) was used as the house keeping gene for the normalization of the data. All RT-PCR experiments were performed using iCycler RT-PCR detection system (Bio-Rad). RT-PCR assays were conducted in a 20 ll volume including cDNA, primers and SYBR premix under the following conditions: 93°C for 3 min, 39 cycles of 93°C for 30 s, 61°C for 40 s and 72°C for 45 s, and 72°C for 10 min. Relative quantity of targeted gene, normalized with respect to GAPDH amount, were analyzed using a formula of 2 -DDCt , where Ct indicates the threshold cycle.
Statistical analysis
All data are shown as the means ± standard errors. The RT-PCR data were normalized to the mRNA level of GAPDH. The statistical analysis of the results were performed using one-way ANOVA followed by the multiple-comparison Tukey's test using GraphPad Prism 5 software. Statistical significance was determined at p \ 0.05.
Results
Isolation and characterization of hTGSCs
Cells displaying fibroblast-like cell morphology started to spread from human tooth germ tissues at day 3 (Fig. 1a) . For the characterization of hTGSCs, they were subjected to flow cytometry analysis to show the presence of mesenchymal stem cell surface marker existence. The results revealed that while hTGSCs were stained positive for MSC cell surface markers; CD29, CD44, CD90, CD73, and CD166, they were negatively stained for hematopoietic cell markers; CD34, CD45, CD31, and CD14 (Fig. 1b) . To further characterize hTGSCs, freshly isolated cells at passage 3 were differentiated into osteo-, chondro-and adipogenic cell lineages in vitro (Fig. 1c) . Alizarin red, oil red and alcian blue stainings showed successful differentiation of hTGSCs towards osteo-, adipo-and chondro-genic cell lineages, respectively. Cell viability hTGSCs treated with pluronics for 24, 48 and 72 h were subjected to cell viability analysis using MTS assay. The results revealed that F68 significantly increased the cell viability at 0.05 and 0.1 % concentrations. Meanwhile, F127 did not exert subtle differences on viability of hTGSCs. P85 was shown to reduce cell viability at the same concentrations (Fig. 2) .
Myogenic differentiation
The myogenic gene expression levels were analyzed by RT-PCR to confirm the myogenic transformation.
Results indicated that all myogenic markers (a-SMA, desmin and myogenin) were highly expressed in all groups except in the cells treated only by growth medium (NC, Negative control) (Fig. 3a) . F68 treated cells showed significantly higher gene expression levels compared to differentiation medium treated cells (PC, Positive control), but F127 had no significant effect on myogenic gene expression. Actin, a-SMA, Desmin and MyoD were immunostained for the confirmation of myogenic differentiation of hTGSCs.
Immunocytochemistry results indicate that all F68 and F127 treated groups were positively stained for Actin, a-SMA, Desmin and MyoD, demonstrating the myogenic differentiation of the cells. However, the negative control cells showed low expression levels of these marker genes (Fig. 3) . Western blot analysis was conducted to confirm the effect of pluronics on myogenic protein expression in hTGSCs. In consistence with the RT-PCR assays, while F127 treatment only enhanced a-SMA protein levels, F68 treatment was found to enhance protein levels of a-SMA and Desmin compared to the other groups (Fig. 4) .
Neurogenic differentiation
The RT-PCR results showed that F68 treated groups expressed the highest mRNA expression levels of TH, Nestin and NF compared to the positive and negative controls (Fig. 5) . However F127 did not change gene expression of myogenic markers. Protein expression of Enolase, Nestin, MAP2, NF and TH showed that F68 and F127 treated groups were positively stained. Western blot assay results revealed that while pluronic treatment did not change TH protein expression levels compared to PC group, Enolase expression was found to be higher in the F68 treated cells (Fig. 4) .
Discussion
The importance of cell replacement therapy in regeneration treatments varies depending on the injured Fig. 2 Cell proliferation analysis. F68 increased the cell proliferation of hTGSCs, whereas P85 showed cytotoxic activity at 0.05 and 0.1 % concentrations at the end of three day incubation period. F127 did not alter cell proliferation at 24, 48 and 72 h. NC negative control (Growth medium treated group). Average values for 20 % DMSO (as lethal dose) and negative control were accepted as 0 and 100 %, respectively. # p \ 0.05 versus NC tissue. For instance, skin has the capacity to regenerate itself except for large defects such as deep burn wounds, while organs composed of terminally differentiated cells (mainly) such as myocytes and neurons are not able to repair tissues after serious myocardial infarction or neuropathological conditions, respectively. Therefore, cell therapy has recently emerged as a future solution to tissue reconstruction applications for organs with limited regeneration capacity. High proliferative, self-renewal and differentiation capacities of MSCs make them attractive for these applications. Although BMSCs are the most elucidated and primary MSCs, the difficulty of isolation procedure, reduced lifespan and differentiation capacity of BMSCs with increasing donor age have created great demand for alternative cell types such as adipose derived stem cells (ADSCs), umbilical cord blood stem cells (UCBSCs) and hTGSCs derived from third molar tooth (Kern et al. 2006) . Morphological properties of MSCs derived from different tissues have been reported to be the same while their differentiation potentials to various cell lineages diverge (Wagner et al. 2005) . As stem cell origin directly determines the transformation capacity into targeted cell lineage, selection of stem cells source for a specific regeneration case is vital for the functionality and effectivity of the treatment. For instance, dental pulp stem cells (DPSCs) have been proven to display better neural and epithelial differentiation potential in comparison with BMCSs (Karaöz et al. 2011) , indicating higher potential of DPSCs in neuroregeneration. Apart from cell source, using differentiation regulators is also important to control differentiation procedure and increase the treatment efficiency. In the present investigation, we have evaluated whether pluronic block copolymers (F68, F127 and P85) could regulate myogenic and neurogenic differentiation of hTGSCs. According to the cell viability results, as P85 was found to be toxic to hTGSCs at defined concentrations it was not evaluated for further differentiation experiments. Similarly, we have previously reported that P85 exerted toxicity, F127 was proven to be safe and F68 was shown to increase multipotency for hTGSCs (Dogan et al. 2012; Tasli et al. 2013c) . High toxicity of P85 to stem cells in comparison with F68 and F127 could be explained by inhibition of Pgp drug efflux system which results in ATP depletion and decrease in Pgp ATPase activity (Batrakova et al. 2003) .
In differentiation studies, while F68 was found to increase myocytes-and neuron-like cell population derived from hTGSCs, F127 did not significantly affect cell commitment towards neurogenic and Fig. 4 Effect of pluronic treatment on lineage specific protein expression. F68 treatment increased both neurogenic and myogenic protein expression compared to the negative and positive control groups. TH tyrosine hydroxylase, PC positive control (differentiation medium treated groups), NC negative control (growth medium treated group). *p \ 0.05 versus PC, # p \ 0.05 versus NC myogenic phenotypes. In consistence with the current results, we have previously shown that although F68 has increased osteo-, adipo-and chondrogenic differentiation of hTGSCs, F127 has no or little effect, indicating cell-lineage free effect of F68 on hTGSC differentiation (Dogan et al. 2012) . Pluronic F68 has been shown to increase cell membrane integrity, growth and attachment of fibroblast cells, stating the potential protective effect on plasma membrane (Gigout et al. 2008) . Although the exact mechanisms in which F68 increases neuro-and myogenic differentiation of human stem cells need to be explored, one possible explanation for the effects of pluronics might be the stabilization of the cell membrane during differentiation resulting in effective lineage transformation as cell membrane tension and surface area might direct cell fate and differentiation (McBeath et al. 2004; Titushkin and Cho 2006) . F127 has been used for several medical approaches including drug and gene delivery (Kedar et al. 2010) , scaffold fabrication for tissue engineering practices (Lee et al. 2011) , targeted therapy and diagnosis (Lin et al. 2009 ). Despite the multiple advantages of F127 in biomedical applications, it did not enhance in vitro myocyte and neuronal differentiation of hTGSCs in the current study.
The findings of the current study disclose promising perspectives for the tissue engineering applications of pluronic block copolymers. Given their differentiation guidance properties, pluronics would be attractive polymers to be used in muscle and neural regeneration studies. However, as the major limitation of the present study, functionality of the neuron-and myocytes-like cells derived from hTGSCs in the presence of pluronics should be conducted to assess their clinical usage. Additional efforts to investigate exact molecular mechanism of cell differentiation regulation properties of pluronics are underway. Further studies with other stem cells such as BMSCs and ADSCs are highly warranted to explore its potential use in cell therapy as a differentiation regulator and its relevance in clinical practice.
